Weisz OA. Nucleofection disrupts tight junction fence function to alter membrane polarity of renal epithelial cells. Am J Physiol Renal Physiol 299: F1178 -F1184, 2010. First published August 11, 2010 doi:10.1152/ajprenal.00152.2010.-Here, we compared the effects of nucleofection and lipid-based approaches to introduce siRNA duplexes on the subsequent development of membrane polarity in kidney cells. Nucleofection of Madin-Darby canine kidney (MDCK) cells, even with control siRNA duplexes, disrupted the initial surface polarity as well as the steady-state distribution of membrane proteins. Transfection using lipofectamine yielded slightly less efficient knockdown but did not disrupt membrane polarity. Polarized secretion was unaffected by nucleofection, suggesting a selective defect in the development of membrane polarity. Cilia frequency and length were not altered by nucleofection. However, the basolateral appearance of a fluorescent lipid tracer added to the apical surface of nucleofected cells was dramatically enhanced relative to untransfected controls or lipofectamine-treated cells. In contrast, [
THE DEVELOPMENT OF METHODS to introduce heterologous DNA and RNA into cultured cells by transient transfection has revolutionized the study of protein function. Moreover, the recent introduction of RNA silencing technologies has provided a powerful tool to manipulate the spectrum of cellular functions and a potential therapeutic strategy for various diseases. Calcium-phosphate-, cationic lipid-, viral-, and electroporation-based approaches are among the most common methods for this purpose. Inherent in these approaches is the requirement that cell function or morphology is not significantly affected by the experimental manipulation itself. However, the mechanisms by which these approaches enable DNA/ RNA passage into cells remain largely obscure.
Polarized cells represent a unique challenge to transfection. The plasma membrane of these cells is delineated by tight junctions (TJs) into two asymmetric compartments: an apical domain and a basolateral domain. The polarized delivery of receptors and ion transporters to these domains is critical for proper function of these cells. Traditionally, polarized epithelial cells have been recalcitrant to transient transfection. Transfection of these cells before polarization generally enhances efficiency; however, expression of the heterologous DNA/ RNA may be significantly reduced by the time the cells attain a fully differentiated phenotype. A relatively new approach that has proven useful is nucleofection of DNA and RNA into cells in suspension. Delivery of foreign nucleic acid substrates directly into the nucleus apparently enhances the efficiency of transfection without compromising cellular viability (9, 10) . This method has been successfully adapted to transfect polarized renal cells and is becoming increasingly popular (4) .
In optimizing approaches to transfect cells with siRNA duplexes, we observed that nucleofection of cells, even with control siRNAs, resulted in an unexpected but reproducible decrease in cell polarity of apical membrane proteins in MadinDarby canine kidney (MDCK) and other renal eptihelial cells, even when cultured for up to 5 days on permeable supports after the procedure. Nevertheless, polarized secretion of heterologously expressed and endogenous proteins was unaffected by this maneuver. The decrease in membrane polarity was not due to the absence of TJs as ZO-1 staining patterns were similar in control vs. nucleofected cells. Moreover, cilia length and frequency were indistinguishable in nucleofected vs. control cells. The gate function of TJs was also intact as measured by transepithelial resistance (TER) and paracellular transport of inulin. However, diffusion of an apically added fluorescent lipid probe to the basolateral surface was dramatically enhanced in cells that had been nucleofected before plating. We conclude that nucleofection disrupts the development and function of TJs in MDCK cells that precludes use of this approach to examine polarized trafficking.
MATERIALS AND METHODS
Cell culture, virus production, and adenoviral infection. MDCK II cells were grown in DMEM (Sigma) with 10% FBS and 1% penicillin/streptomycin. Murine cortical collecting duct (CCD) mpkCCD c14 cells were cultured as previously described (2) . Replication-defective recombinant adenovirus encoding YFP-p75 was originally provided by E. Rodriguez-Boulan. Tetracycline-transactivator-inducible adenoviruses encoding rat endolyn, truncated endolyn (ensol), and influenza hemagglutinin (HA) were generated using the Cre-Lox system or were described previously (11, 12) . MDCK cells stably expressing the tetracycline transactivator were infected with recombinant adenoviruses as described in and used for experiments the following day (13) .
Nucleofection of siRNA duplexes. MDCK cells in suspension (4 ϫ 10 6 /cuvette) were nucleofected with 10 g siRNA duplexes using program T23 according to Amaxa Nucleofector instructions in 100 l Ingenio electroporation solution (Mirus). SiRNA duplexes were purchased from Dharmacon. Unless noted otherwise, cells were then incubated overnight in tissue culture dishes in RPMI medium supplemented with 10% FBS, and then trypsinized, counted, and plated (0.5 ϫ 10 6 cells/well) on 12-well Transwell filters (Costar) for 4 days. Efficient knockdown of canine galectin-3 was achieved using the siRNA duplex sequence 5=-AUACCAAGCUGGAUAAUAAUU-3=/ 3=-GUUAUGGUUCGACCUAUUAUA-5=. Firefly luciferase siRNA was used as a control siRNA (5=-GAAUAUUGUUGCACGAUUUUU-3=/3=-UUCUUAUAACAACGUGCUAAA-5=).
Lipid-based transfection of siRNA duplexes. SiRNA duplexes (1-2 g) suspended in 500 l Opti-MEM (GIBCO) were incubated with 5 l lipofectamine 2000 (Invitrogen) for 30 min at ambient temperature. The transfection mix (125 l) and 0.5 ϫ 10 6 MDCK cells in 333 l of MEM were added to the top chamber of a 12-well Transwell and triturated gently. Experiments were performed 4 days later.
Polarity of biosynthetic delivery assessed using cell surface biotinylation. Domain-selective biotinylation was performed as previously described (20) . Briefly, MDCK II cells were grown on filters for 4 days after transfection using the indicated methods. Cells were starved with cysteine-free medium for 30 min, radiolabeled for 2 h with [ 35 S]Cys, then chased in HEPES-buffered MEM for 2 h before apical or basolateral biotinylation. Cells were solubilized and lysates were immunoprecipitated with monoclonal anti-endolyn antibody. After recovery of antibody-antigen complexes, one-fifth of each sample was reserved to calculate the total recovery, and the remainder was incubated with streptavidin to recover biotinylated proteins. Samples were resolved on SDS-PAGE and biotinylation efficiency was quantitated using a phosphorimager (Bio-Rad).
Measurement of polarized secretion. Filter-grown MDCK cells stably expressing GFP-ensol were starved in cysteine-free medium for 30 min, radiolabeled with [
35 S]Cys for 30 min, and incubated in HEPES-buffered MEM for 90 min at 37°C. The apical and basolateral media were collected separately and the cells were solubilized in detergent-containing solution. Ensol was immunoprecipitated from all samples using monoclonal anti-endolyn antibody. The polarity of ensol secretion was quantitated after SDS-PAGE using a phosphorimager. To assess the secretion of gp80, polarized MDCK cells were incubated in Cys/Met-free medium for 30 min, radiolabeled with [ 35 S]Cys/Met for 2 h, and then incubated in HEPES-buffered MEM for 2 h. Apical and basolateral media were collected from duplicate samples and resolved on SDS-PAGE.
Immunofluorescence microscopy. Mouse antibody 502 against rat endolyn was provided by Dr. G. Ihrke and used at 1:500 dilution. Hybridomas producing anti-p75 and anti-influenza HA antibodies were previously provided by Drs. E. Rodriguez-Boulan and T. Braciale, respectively, and culture supernatants were used at 1:1 dilution. Mouse anti-gp135 was a kind gift of Dr. E. Rodriguez-Boulan and was used at 1:100 dilution. Filter-grown MDCK cells were washed with chilled HEPES-buffered MEM for 15 min and blocked with HEPES-buffered MEM containing BSA for 15 min. To detect surface proteins, cells were incubated with primary antibodies for 1 h on ice, washed extensively, and then incubated with Alexa 488-conjugated goat anti-mouse (Invitrogen; 1:500) for 30 min on ice. Cells were then fixed with 4% paraformaldehyde for 15 min at 37°C and permeabilized with 0.1% (vol/vol) Triton X-100 in PBS-containing glycine and NH 4Cl at ambient temperature for 5 min. Permeabilized cells were incubated sequentially with rat anti-ZO-1 hybridoma tissue culture supernatant (gift of Dr. G. Apodaca; 1:1 dilution) for 30 min at 37°C and Alexa 647-conjugated secondary antibody (Invitrogen, 1:500) for 30 min at ambient temperature. E-cadherin, occludin, and Na ϩ -K ϩ -ATPase were detected in fixed and permeabilized cells using mouse anti-E-cadherin antibody (BD Transduction Laboratories), mouse anti-occludin antibody (Invitrogen), and mouse anti-Na ϩ -K ϩ -ATPase (abCam), each at 1:100 dilution. To detect cilia, fixed and permeabilized cells were incubated with monoclonal anti-acetylated ␣-tubulin (Sigma; 1:400) and Alexa 488-conjugated secondary antibody (Invitrogen; 1:500). Confocal images were acquired using a Leica TCS SP microscope equipped with a ϫ100 HCX PL-APO objective or an Olympus BX61 with a ϫ100 1.35 NA objective and processed using MetaMorph and Adobe Photoshop software. Cilia length was quantitated from 50 images for each condition using ImageJ software (http://rsb.info.nih.gov/ij/download.html).
Assessment of TJ gate function. TER was determined by applying an EVOM2 epithelial voltohmmeter (WPI). Briefly, control or transfected MDCK cells were cultured on Transwell polycarbonate filters for 4 days. One Transwell chamber was left empty as a control to determine the intrinsic resistance of the filter, which was subtracted from all readings.
To measure paracellular flux, 25 Ci/ml [ 3 H]methoxy-inulin (MP Biomedicals) in 0.5 ml medium were added to the apical chamber of filter-grown MDCK cells (triplicate samples) and the cells were incubated at 37°C. Aliquots (20 l) of basolateral media were removed at each time point and radioactivity was assessed using a scintillation counter (Wallac).
Integrity of TJ fence function. MDCK cells plated for 4 days after transfection (or not) were mounted in a holder (Bioptechs) on the stage of an Olympus IX81 microscope. FM4 -64FX lipophilic styryl dye (100 M; Invitrogen) was added to the apical chamber of the cells while the basolateral compartment was continuously perfused with PBS supplemented with calcium and magnesium warmed to 37°C. Before image acquisition, the filter membrane was identified and set as the reference plane. During acquisition, images were collected every 5 s at 2.5, 5.0, and 7.5 m above the reference plane with a ϫ40 objective (LUCPlanFLN, Olympus). The IX81 was equipped with a xenon lamp (Sutter Instruments) and a wide green filter set (Chroma); exposure time was 300 ms/acquisition. All parameters were controlled using Slidebook 4.2 software (I 3 ). To quantify the average intensity over time under different transfection conditions, a line was drawn across 10 random cell boundaries per field, and the change in average intensity per minute was determined using MetaMorph. Values were normalized to the average intensity measured in untransfected cells at 0 min.
RESULTS
Nucleofection, but not lipofectamine-mediated transfection, disrupts the polarity of membrane proteins in renal epithelial cells. As a prelude to studies on the mechanism of glycandependent apical sorting, we tested approaches to efficiently knock down proteins in polarized MDCK cells using siRNA duplexes. Specifically, we were interested in whether knockdown of galectin-3, a protein reported to be involved in polarized sorting of apical proteins (7), had any effect on the biosynthetic delivery of the sialomucin endolyn. An siRNA duplex targeting canine galectin-3 was designed based on a previously published sequence (7) . As a control, we used a commercially available siRNA duplex targeted against luciferase. SiRNA duplexes were introduced into cells by nucleofection or using lipofectamine. After nucleofection, cells were allowed to recover on plastic overnight, trypsinized and counted, and plated onto permeable supports for 4 days. Lipofectamine-treated cells were plated directly onto filters and analyzed 4 days later. As an additional control for both methods, we plated untransfected MDCK cells on filters in parallel with the siRNA-treated samples.
Nucleofection resulted in very high knockdown efficiency of galectin-3 as assessed by Western blotting (Fig. 1A) . Quantitation of galectin-3 expression using a VersaDoc Imager revealed ϳ85% reduction in samples nucleofected with galectin-3 siRNA vs. luciferase controls. The efficiency of galectin-3 knockdown mediated by lipofectamine assessed by Western blotting was not as high, but approached 80% (Fig.  1B) . Both transfection methods yielded similar cDNA transfection efficiencies when tested using a GFP-expressing plasmid (ϳ70% transfection; Suppl. Fig. 1 ; the online version of this article contains supplemental data).
We then assessed the effect of each treatment on polarized delivery of endolyn using a domain-selective biotinylation approach. Three days after being plated, cells were infected with replication-defective recombinant adenovirus-encoding endolyn. In some experiments, stable cell lines expressing endolyn were used, obviating the need for infection. Surprisingly, we routinely observed that endolyn polarity was compromised even in nucleofected cells receiving only control siRNA. In untransfected controls, the polarity of endolyn surface delivery was 73.9% ( Fig. 2A) , consistent with our previous observations (15, 21) . In contrast, the apical distribution of endolyn in nucleofected cells was significantly lower (57.6% apical). There was no apparent difference in polarity between cells nucleofected with control vs. galectin-3 siRNA. In contrast, endolyn polarity in lipofectamine-transfected cells was similar to that of untransfected cells (Fig. 2B) . Moreover, no effect of galectin-3 knockdown on endolyn polarity was observed, suggesting that this lectin is not required for efficient apical delivery of endolyn. Nucleofection also altered the polarized delivery of two other apical markers: the neurotrophin receptor p75 and influenza HA (D. Mo, unpublished results). Whereas endolyn and p75 have glycan-dependent apical targeting information, apical sorting of influenza HA is specified by its transmembrane domain, and this protein takes a distinct route to the apical surface of polarized MDCK cells (6, 15, 17, 29) .
We considered the possibility that altered endolyn polarity was due to our specific nucleofection, recovery, or plating conditions. However, varying the number of cells nucleofected or subsequently plated, the cuvette manufacturer, the Amaxa program used (including the T-20 and L-005 programs recommended for epithelial cells including MDCK), and the postnucleofection recovery conditions did not improve the polarity of endolyn delivery. Substitution of the control (luciferase) siRNA by several other irrelevant siRNA duplexes also disrupted endolyn polarity (D. Mo, unpublished results).
Our biochemical experiments suggested that polarized delivery of membrane proteins might be compromised in nucleofected cells. To test whether steady-state distribution of membrane proteins was altered, we used indirect immunofluorescence to examine surface endolyn distribution in nucleofected vs. untransfected MDCK cells. As shown in Fig. 3A , surface endolyn was localized primarily to the apical membrane of untransfected controls. In contrast, endolyn was also clearly visible at the basolateral surface of cells nucleofected with either control or galectin-3 siRNA. Similar results were also observed in MDCK cells expressing p75 and HA. However, the distributions of the endogenous apical protein gp135 and the laterally localized proteins E-cadherin and Na ϩ -K ϩ -ATPase were not affected by nucleofection. To confirm that the relocalization is not cell-type specific, endolyn polarity was also examined in nucleofected, lipofectamine-treated, and control (untransfected) mouse CCD cells. As in MDCK cells, endolyn was less apically polarized in nucleofected cells compared with lipofectamine-treated or untransfected cells (Fig.   Fig. 1 . Introduction of siRNA duplexes by nucleofection and lipofectaminebased transfection results in efficient knockdown of galectin-3 in filter-grown Madin-Darby canine kidney (MDCK) cells. A: cells were nucleofected with the indicated siRNAs and plated onto filters the following day. Five days after nucleofection, cells were solubilized and lysates were analyzed by Western blotting to detect galectin-3 or ␤-actin (as a loading control). Untransfected cells (UNTRANS) plated under identical conditions were included as an additional control. B: MDCK cells suspended in MEM were incubated with siRNA duplexes and lipofectamine in the apical chamber of Transwell filter cups. Cells were cultured for 4 days before solubilization and Western blotting. Knockdown efficiency was typically Ͼ85% in samples nucleofected with galectin-3 siRNA and slightly lower (ϳ80%) in lipofectamine-treated cells. CTRL, control. 3B). Additionally, to determine whether the altered localization is transient, endolyn distribution was assessed at 4, 6, 8, and 10 days postnucleofection and found to be compromised at each time point (Suppl. Fig. 2) .
We next tested whether nucleofection alters the targeting of secreted proteins in polarized cells. To address this, we examined the release of a truncated form of endolyn called ensol. We previously showed that apical secretion of ensol was very efficient (ϳ85%) (20) . Interestingly, nucleofection had no effect on the fidelity of ensol secretion (Fig. 4) . The polarity of secretion of the endogenous protein complex gp80 was also not affected by nucleofection (D. Mo, unpublished results). This suggests that nucleofection selectively alters the polarized distribution of transmembrane but not secreted proteins, and therefore might reflect a postdelivery event rather than a change in biosynthetic sorting efficiency.
Cilia morphology is unaffected by nucleofection. Primary cilia play an increasingly appreciated role in the development of cell polarity, and defects in ciliary length or formation have been implicated in renal disease (5, 16, 19, 27) . We therefore tested whether nucleofection alters ciliary length in polarized MDCK cells. Cilia in untransfected, nucleofected, or lipofectamine-treated cells were visualized using anti-tubulin antibodies, and their length was assessed using ImageJ software. There was no qualitative difference in the number of cilia observed per field under these different conditions (Fig. 5A) . Moreover, we found no variation in ciliary length in nucleofected cells compared with untransfected or lipofectaminetreated cells (Fig. 5B) .
Fence functions of TJs are disrupted in nucleofected cells. Another possibility to explain the alteration in membrane polarity of nucleofected cells is a defect in TJ formation or function. Nucleofected cells had similar ZO-1 and occludinstaining patterns compared with untransfected controls (Fig. 6) , suggesting that the morphology of TJs is not grossly aberrant. We next examined TJ function using several approaches. To assess the gate function of TJs, we monitored the diffusion of the small molecule tracer [ 3 H]inulin. As shown in Fig. 7A , inulin permeability across untransfected, lipofectaminetreated, and nucleofected monolayers was comparable, suggesting that the integrity of the gate function was intact under all conditions. Additionally, we found no significant difference in the TER across filter-grown monolayers (untransfected cells: 101.4 Ϯ 17.4 ⍀·cm 2 ; nucleofected cells: 94.4 Ϯ 6.0 ⍀·cm 2 ; lipofectamine-treated cells: 112.8 Ϯ 9.5 ⍀·cm 2 ). We next examined the diffusion barrier or "fence" function of TJs by testing whether compartmentalization of the lipophilic styryl dye FM4 -64FX was compromised in nucleofected cells. Previous studies used this approach to test for defects in TJ fence function (22, 28) . FM4 -64FX was added to the apical chamber of untransfected, nucleofected, or lipofectamine-treated MDCK cells grown on filters for 4 days, and image stacks were acquired every 5 s for 5 min after addition of the dye. Figure 7 shows the time-dependent accumulation of FM4 -64FX fluorescence at the lateral membrane of cells in an optical slice centered at 2.5 m above the filter for each Fig. 4 . Polarized secretion of a soluble protein is not affected by nucleofection. Filter-grown MDCK cells were subjected to Amaxa nucleofection with the indicated siRNA duplexes. The following day, nucleofected and control untransfected cells were plated on filters and protein secretion of a truncated mutant of endolyn (ensol) tagged with GFP was analyzed 4 days later. Cells were radiolabeled with [
35 S]cys for 30 min and chased for 1.5 h. The apical and basolateral media were collected separately, and the cells were solubilized. Samples were immunoprecipitated using anti-endolyn antibody and analyzed by SDS-PAGE. Representative samples from one experiment are shown and the quantitation of apically secreted ensol in 3 independent experiments performed in triplicate is noted below each condition. A, apical; B, basolateral; C, cell. condition. Strikingly, whereas little to no diffusion of apically added FM4 -64FX to the lateral surface was observed in untransfected and lipofectamine-transfected cells, we observed rapid diffusion of the dye in nucleofected cells (Fig. 7B) . Quantitation of two independent experiments confirmed an approximately twofold increase in the rate of FM4 -64FX diffusion in nucleofected cells vs. untransfected or lipofectamine-treated cells (Fig. 7C ). This result indicates that the diffusion barrier between apical and basolateral membranes is disrupted in nucleofected cells and is consistent with the selective disruption in membrane but not secreted protein polarity that we observed in these cells.
DISCUSSION
Here, we compared the effects of nucleofection vs. lipofectamine-based transfection methods on the development of polarity in MDCK cells. We found that the distribution of several transmembrane cell surface proteins was disrupted in MDCK and CCD cells that had been nucleofected with control (irrelevant) siRNA duplexes. However, apical sorting of secreted proteins was unaffected by this treatment. Varying numerous facets of the experimental protocol did not rescue the defects in polarity. In contrast, cells transfected using lipofectamine exhibited normal membrane protein polarity, comparable to untransfected cells. Studies to independently test the fence and gate functions of TJs revealed a selective defect in the membrane diffusion barrier in nucleofected cells, whereas transepithelial passage of ions and small molecule tracers was unaffected. Our results suggest that renal epithelial cells subjected to nucleofection are unable to develop fully functional TJs even after 5-9 days on filters. These studies have important implications for the design and interpretation of siRNA knockdown experiments in polarized cell lines.
Our studies suggest that biosynthetic sorting of newly synthesized proteins may be unaffected in nucleofected cells and that polarity is lost after surface delivery as a result of compromised TJ fence function. Interestingly, we did not detect any striking changes in the steady-state distribution of three endogenous proteins (gp135, E-cadherin, and Na ϩ -K ϩ -ATPase) after nucleofection. The differences we observed between endogenous vs. heterologously expressed proteins might reflect differential assay sensitivity due to the lower abundance of endogenous proteins. Alternatively, endogenous proteins may be better retained at the appropriate plasma membrane domain as a result of their normal interactions with cytoskeletal or other surface-resident proteins.
TJs are a complex assembly of transmembrane and cytoplasmic proteins that play a role in both the establishment and the maintenance of epithelial cell polarity (reviewed in Refs. 3, 24) . The gate function prevents paracellular diffusion of water, ions, and metabolites by regulating movement between adjacent epithelial cells. The fence function prevents the diffusion of transmembrane proteins and outer leaflet lipids. Our results suggest that nucleofection selectively compromises TJ fence but not gate function. While numerous TJ components have been identified, how gate and fence function are modulated is largely unknown. Inhibiting the function of TJ transmembrane proteins such as occludin, claudins, and junctional adhesion molecules, using antibodies or by overexpression expression or knockdown, generally disrupts the permeability barrier (gate) of polarized epithelial cells without apparently affecting membrane or lipid diffusion across the TJ boundary (1, 8, 18, 25, 26, 30) .
A few studies described maneuvers that disrupt both TJ gate and fence functions. For example, expression of a mutant of occludin lacking its COOH terminus increased paracellular flux as well as lipid diffusion across the TJ of MDCK cells, although the polarity of membrane proteins was unaffected (1). Similarly, siRNA-mediated knockdown of ZO-2 disrupted both gate and fence functions of TJs (14) . However, only one other report that we are aware of observed a selective defect in TJ fence function with no change in TER. In that study, addition of an antibody directed against the second extracellular loop of occludin resulted in both altered membrane polarity and lipid diffusion in T84 cells (25) .
Our results do not address why nucleofection disrupts the establishment of a polarized phenotype. Nucleofection physically creates transient pores in the plasma membrane and nucleus using high-intensity electrical pulses to facilitate the entry of foreign molecules (23) . The pores begin to reseal after the removal of the external field. It is possible that the incubation solutions and/or the electrical pulse itself initiate signal transduction cascades that have long-term consequences on gene expression. Interestingly, whereas most aspects of cell function that we tested are unaffected by this procedure, there appears to be a selective defect in the maintenance of the membrane diffusion barrier. Several possibilities might account for this, including alterations in plasma membrane lipid composition or in the expression of proteins involved in maintaining cell polarity. Regardless of the mechanism, our results suggest that nucleofection of even irrelevant siRNA duplexes compromises the subsequent development of renal epithelial cell polarity, limiting its utility for studies using these cells. In contrast, transfection of siRNA duplexes using lipid-based approaches provides comparable knockdown efficiency without disruption of cell polarity.
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